naturally conceived pregnancies found a significantly increased risk of adverse outcomes, including pregnancyinduced hypertension [relative risk (RR), 1.30; 95% CI, 1.04 to 1.62], gestational diabetes mellitus (RR, 1.31; 95% CI, 1.13 to 1.53), placenta previa (RR, 3.71; 95% CI, 2.67 to 5.16), placental abruption (RR, 1.83; 95% CI, 1.49 to 2.24), postpartum hemorrhage (RR, 1.29; 95% CI, 1.06 to 1.57), preterm birth (RR, 1.71; 95% CI, 1.59 to 1.83), low birthweight (RR, 1.61; 95% CI, 1.49 to 1.75), small for gestational age (RR, 1.35; 95% CI, 1.20 to 1.52), and perinatal mortality (RR, 1.64; 95% CI, 1.41 to 1.90) (12). However, pregnancies conceived by couples using other types of fertility treatment (i.e., NIFTs), including ovulation induction, also have an increased risk of adverse outcomes. For example, preeclampsia affects 3.3% of NIFT conceptions and 4.7% of IVF conceptions compared with 2.4% of spontaneously conceived gestations. The gestational diabetes risk has also been shown to be greater with NIFT conceptions at 5.9% compared with 2.7% for IVF conceptions and 3.4% for spontaneously conceived gestations.
Placental abruption was found to occur in 1.4% of NIFT conceptions and 2.2% of IVF conceptions compared with 0.7% in spontaneously conceived gestations, and placenta previa was greater in IVF conceptions at 3.6% compared with 0.5% in NIFT conceptions and 0.6% in spontaneously conceived gestations. Fetal development will also be affected, with a low birthweight present in 7.4% of NIFT conceptions compared with 5.9% in IVF and 5.1% in spontaneous conceptions. In addition, the risk of fetal growth restriction was 2.1% for NIFT conceptions compared with 1.1% for spontaneous conceptions and 0.9% for IVF conceptions (13). However, it is likely that the underlying infertility contributed largely to these risks. Pregnancies conceived by couples with infertility, regardless of treatment, have an increased risk of adverse outcomes that affect both the fetus and the mother, including maternal morbidity, with a crude prevalence reported of 1.44% in the subfertile population and 3.14% in IVF pregnancies compared with 1.09% in the fertile population, with blood transfusion accounting for the most common maternal morbidity (11, (14) (15) (16) (17) (18) (19) . Despite the increased risk of adverse outcomes, the overall incidence and RR of these outcomes has been low. However, collectively, the common link to these adverse outcomes associated with infertility and fertility treatments has been that they are associated with placental defects, which likely develop early in gestation during implantation and placentation (20) . Additionally, many of these studies did not control for the underlying infertility and the specific treatments used. Thus, the underlying etiology for infertility, resulting from the underlying genetics and/or epigenetics and the potential epigenetic modifications linked to specific fertility treatments, likely affects the outcomes that lead to these defects in implantation and placentation.
Female infertility results from multiple etiologies, some that affect implantation and subsequent placentation, leading to placental dysfunction and adverse outcomes. These etiologies include polycystic ovary syndrome (PCOS), endometriosis, and unexplained infertility. PCOS has been responsible for .70% of cases of ovulatory dysfunction, which accounts for .27% of the cases of infertility. PCOS is a common endocrine metabolic disorder affecting 5% to 15% of women (21, 22) . PCOS should be considered present when two of three criteria have been met: ovulatory dysfunction, hyperandrogenism, and/or polycystic-appearing ovarian morphology on pelvic ultrasonography (23). Even after ovulation has been restored, women with PCOS have had decreased cumulative pregnancy rates compared with other subfertile populations (24, 25). Endometriosis is a condition characterized by endometrial glands and stroma outside the uterine cavity, causing pelvic pain, dysmenorrhea, and infertility. It affects~10% of reproductiveage women but might account for a greater number of cases of infertility, because studies have suggested that 25% to 50% of infertile women will have endometriosis and that 30% to 50% of women with endometriosis will be infertile (26-29). Unexplained infertility, which accounts for 17% of cases of infertility, has no defined pathology. However, it might be due to unrecognized abnormalities that result in subtle genetic and/or epigenetic changes of an underlying subtle phenotype of PCOS and/or endometriosis, which could be attributed to changes in the diagnostic criteria. Because the diagnostic criteria for PCOS have changed, encompassing different phenotypes for the syndrome, a subset of patients with unexplained infertility and a subtle PCOS phenotype, such as ovulatory PCOS, might remain undiagnosed (3, 30). Likewise, although endometriosis has been reported in #50% of women with infertility (31), many women might have undiagnosed endometriosis, because laparoscopy, which currently is the only method to definitely diagnose endometriosis, is no longer warranted for the diagnostic workup of infertility (32) . These findings might contribute individually or collectively to a proportion of women with unexplained infertility. However, further studies defining a potential genetic link are necessary. These three etiologies, which account for most cases of female infertility, all affect implantation. This has potential implications for normal placentation, subsequent placental function, and the overall short-and long-term outcomes associated with infertility and the treatments used (Fig. 1) .
Implantation (Consequences of Infertility)
Implantation occurs after apposition of the blastocyst at the uterine epithelium (adhesion), where the trophoblast cells of the blastocyst penetrate the endometrium (implantation) and, ultimately, invade into the uterine stroma to become completely embedded. Cellular adhesion molecules (i.e., selectins, integrins, cadherins, and immunoglobulins) are necessary to mediate cell-to-cell adhesion. Cytokines, leukemia inhibiting factor, and interleukins are also crucial modulators of implantation. Through a well-orchestrated sequence of events, appropriate implantation occurs (33) (34) (35) (36) . Normal implantation and subsequent placentation leading to a healthy gestation require a receptive endometrium and healthy embryo (37) (38) (39) (40) (41) . Despite substantial advances in ARTs, 20% to 40% of euploid embryos will fail to implant, 8% to 15% will end in a biochemical pregnancy, and 12% will end in early miscarriage, resulting in failed outcomes (live birth) in .30% of cycles (42) (43) (44) (45) (46) . These success rates per ART cycle have differed according to the diagnosis: 26.4% for women with ovulatory dysfunction, 24.6% for women with endometriosis, and 28.3% for women with unexplained infertility (47) . Assays to study the window of implantation to adjust the hormonal milieu (progesterone) for optimal timing of embryo transfer (personalized embryo transfer) have improved the outcomes (48, 49) . However, the implantation rates have only been 33.9%, with ongoing pregnancy rates of 39% to 51.7% after adjustment of the hormonal milieu to create a receptive endometrium. Thus, other factors might be contributing to the failed outcomes and require further investigation to improve the precision of these assays and optimize personalized embryo transfer (49) .
Infertility Etiology and Implantation
Both PCOS and endometriosis affect implantation (24, 25, 50) . Unexplained infertility could also result from implantation defects, potentially due to a subtle phenotype of PCOS or endometriosis. Similar causes have been implicated in implantation failure among these etiologies of infertility. These include abnormal alpha V beta 3 integrin and glycodelin expression, upregulation of estrogen receptors, and progesterone resistance (24, 25, 51-60). Women with PCOS, even after ovulation has been restored, will have an increased risk of spontaneous miscarriage, with lower cumulative pregnancy rates compared with other subfertile populations (24, 25). In addition, some studies have suggested an increased rate of spontaneous abortion for women with endometriosis compared with women without (61, 62) . Furthermore, in a cohort of women with unexplained infertility, a low midluteal progesterone level was associated with a lower probability of obtaining a live birth despite the use of NIFT (ovarian stimulation with intrauterine insemination), suggesting the presence of hormonal dysfunction leading to failed outcomes in select women with unexplained infertility (63) . It remains to be determined how the different etiologies of infertility as a Figure 1 . The genetic and epigenetic influences of infertility etiologies and the environmental effect of fertility treatments on epigenetics influence implantation and placentation, which leads to short-and long-term adverse maternal and fetal/childhood outcomes.
result of the underlying genetics and epigenetics contribute to the endometrial dysfunction that leads to implantation failure, miscarriage, and adverse outcomes resulting from placentation defects and contributing to the short-and long-term outcomes associated with infertility.
Genetics of Infertility Etiology
Single-gene disorders leading to disease and primary infertility have been identified (64) . However, these specific disorders have contributed to a small percentage of infertility etiologies and have not accounted for most of the causes, which are likely multifactorial (64) . More recently, the most common type of genetic variation among populations, single-nucleotide polymorphisms (SNPs) (65, 66) , has been found to be associated with disease leading to infertility. Because these variants are common and have mild effects on risk (OR, ;1.2), they can only be identified using these large population-based genome-wide association studies (GWASs).
Genetics of PCOS
Several large GWASs have been performed using PCOS case-control cohorts and have identified multiple risk associations close to the genes associated with hormone regulation and potential implications in fertility and implantation. The LHCGR gene encodes the luteinizing hormone and human chorionic gonadotropin receptors, is critical for normal menstrual function, and is located at locus 2p16.3 (67) (68) (69) (70) 
Genetics of Endometriosis
A number of GWASs have been performed for endometriosis, with some SNPs identified that might play a role in the endometrial dysfunction that leads to implantation failure. This includes SNPs in association with genes such as CDKN2B-AS, which encodes cyclindependent kinase inhibitor 2B antisense RNA (73) . CDKN2B-AS is expressed in the uterus and regulates expression of CDKN2A, which regulates cell growth in endometrial tissue and has been implicated in the development of endometriosis (74) . Other important regions contain the WNT4 gene, which plays a role in the development of the female genital tract (75); HOXA10, which plays a role in uterine development (76) ; and GREB1, which encodes a gene in the estrogen regulation pathway and has been implicated in estrogen-dependent growth in peritoneal endometriosis (77) . Additional candidate genes include VEZT, which encodes a transmembrane protein component of the E-cadherin-catenin complex at adherens junctions (78) . VEZT might play a role in the regulation of cell migration and invasion, key processes in the pathogenesis of endometriosis and regulators of trophoblast migration and invasion, which are important for implantation through maternal/embryonic (fetal) cross-talk (79).
Epigenetics of Infertility Etiology
Epigenetic modifications are heritable alterations that do not result from changes in the DNA sequence. They are affected by the genetic variability and environmental influences in disease (80) (81) (82) . These noncoding mechanisms of gene regulation include DNA methylation and noncoding regulatory elements (e.g., enhancers, promoters, and insulators). They alter DNA accessibility and chromatin structure, thereby regulating patterns of gene expression (83) . The noncoding transcriptome, which includes long noncoding RNAs and miRNAs, also affects overall gene expression. Long noncoding RNAs are single-stranded noncoding RNAs with .200 nucleotides. miRNAs are 20 to 24 nucleotides that modulate gene expression through post-transcriptional effects (84, 85) . More than 2000 miRNAs have been discovered in humans and consist of one third of genes in the genome (84, 85) .
Epigenetics in PCOS
The epigenomics knowledge of PCOS has been evolving and might have implications in fertility. Overall, the DNA methylation profiles in the pathophysiology of PCOS have not been well studied. The human studies have been small. Also, despite no difference in global methylation patterns found in subjects with and without PCOS, the results from animal studies have suggested a role for these epigenetic modifications in PCOS. Studies of PCOS rat models have demonstrated that PPAR-g1 hypermethylated and NCOR1 hypomethylated promoters are associated with decreased PPAR-g1 and increased NCOR1 gene transcription during ovarian maturation and development. Functional studies, performed after GWASs and considering the potential heritability of gene expression, have demonstrated hypomethylation at eight important promoter sites in the LHCGR gene. miRNAs have also been implicated in the pathogenesis of PCOS. Some of these include miRNA-21, miR-27b, miR-103, and miR-155, which appear to function through pathways such as inflammation, hormone metabolism, adipogenesis, and insulin signaling, which not only affect disease but are also involved in implantation (80) (81) (82) .
Epigenetics in endometriosis
Epigenetic modifications that affect endometriosis also have consequences in implantation and the subsequent outcomes. DNA methylation, through DNA methyltransferases, have differential expression patterns in endometriotic tissue compared with normal endometrium. More than 40,000 CpGs have been identified to be differentially methylated in endometriosis. In addition, global histone acetylation profiles have shown certain histones to be hypoacetylated in endometriotic stromal cells compared with normal endometrium, suggesting a role in the disease. Overall, these endometrial DNA methylation patterns in endometriosis have been identified and associated with altered gene expression in cell proliferation, the inflammation/immune response, angiogenesis, and steroid hormone response (86, 87) . Certain miRNA expression patterns have been identified in patients with endometriosis compared with controls. More than 50 different miRNAs have been shown in various studies to be differentially expressed in endometriotic cells; however, the studies have varied in the miRNAs included, the differential expression patterns, and their potential role in implantation (80) (81) (82) .
Implantation-Genetics and Epigenetics
Implantation requires a functional and receptive endometrium. A small number of studies have identified SNPs within individual genes previously reported to affect endometrial function. A statistically significant difference was observed in the allelic and genotypic frequencies of the rs28362491 promoter in the NF-kB gene, important in embryo implantation among patients with repeated implantation failure (88) . SNPs in the VEGF, TNF-a, and LIF genes have also been identified and implicated in implantation failure (88) (89) (90) . Some of these genes, potentially important in endometrial function will also likely play an important role in implantation.
Alterations in the epigenome through global methylation in the endometrium have been identified throughout the menstrual cycle in small studies, with the greatest variability in the late secretory and menstrual phases (91, 92) . This suggests that the epigenome plays a substantial role in endometrial function. Epigenomic changes throughout the menstrual cycle likely result from variations in the hormonal milieu, which can affect implantation because greater progesterone levels have been associated with increased levels of 5-mC, H3K9me2, H3K9ac, and H3K27me3 methylation in the periimplantation period. miRNAs also likely affect implantation. Thirteen differentially expressed miRNAs were identified in a small cohort of women with implantation failure (93) . Three of these miRNAs (miR-145, miR-23b, and miR-99a) were also associated with endometriosis resulting from progesterone resistance, suggesting a critical role of the infertility etiology due to epigenetics on successful implantation (94, 95) .
Overall, substantial advances have occurred in identifying a receptive transcriptome during the window of implantation. A recent meta-analysis identified 57 mRNA putative receptivity markers, with 39 confirmed in a separate cohort (96) . Bioinformatic prediction analysis identified 348 miRNAs that could regulate 30 endometrial receptivity-associated genes. Finally, 19 miRNAs with 11 corresponding upregulated meta-signature genes were confirmed (96) . However, the underlying etiology of infertility was not considered. The epigenetics of etiology influences the outcomes, because altered endometrial DNA methylation in endometriosis alters the gene expression in pathways critical for implantation (86, 87) . Also, some miRNAs, both in endometriosis and PCOS, function through pathways such as inflammation and hormone metabolism, which play substantial roles in implantation (80-82, 86, 87, 94, 95) .
Placentation-Effect of Infertility Etiology
After implantation, the process of placentation with trophoblast differentiation and migration occurs throughout the first trimester of pregnancy and entails a finely orchestrated cellular and molecular interplay of maternal and fetal tissues. Invasion and remodeling of maternal uterine vasculature, immunomodulation at the maternal-fetal interface, and expression of cytokines, growth factors, and autocrine, paracrine, and juxtacrine mediators are pivotal for healthy gestation. Aberrations leading to abnormal placentation and failure of first trimester trophoblast invasion have been associated with adverse pregnancy outcomes (97) (98) (99) (100) (101) (102) (103) (104) (105) (106) (107) . Pregnancies conceived in couples with infertility have an increased risk of adverse outcomes that affect both mother and fetus. Many are related to placental dysfunction, which occurs as a result of abnormal placentation. Compared with pregnancies conceived spontaneously, pregnancies conceived by couples with infertility, regardless of the type of treatment, are more likely to deliver at an earlier gestational age (2, 4, 10, 11, 108). Also, such infants are more likely to have increased neonatal morbidity compared with spontaneously conceived infants at the same gestational age (16). These outcomes have largely been attributed to placental dysfunction, which leads to low birthweight, preeclampsia, placental abruption, placenta previa, preterm labor and delivery, retained placenta, and placenta accreta and contributes to delivery at an earlier gestational age and increased neonatal morbidity (2, 4-10, 13, 15, 109-111). Although increased maternal morbidity has been demonstrated in women undergoing ARTs (112) , this has also been demonstrated in women undergoing any type of fertility treatment (14). In one study, the most common and serious maternal morbidities were attributed in large part to placental dysfunction, including obstetrical hemorrhage, cardiovascular disease, hypertensive disorders, and placental hemorrhage (i.e., bleeding from placenta previa or placenta accreta) (14). In addition, fertility treatment on multivariate analyses was associated with an increased risk of serious maternal morbidity compared with spontaneous conception (14).
To develop a better understanding of the potential genes affecting placentation, during fertility treatment, RNA-sequencing analyses was performed on the firsttrimester chronic villi of 141 pregnancies conceived spontaneously or with NIFT or IVF and resulting in the delivery of a viable offspring. Only one protein-coding differentially expressed gene (DEG), CACNA1I, was identified between the spontaneous and infertility groups that was also identified between the spontaneous and IVF groups. However, five protein-coding DEGs were identified between the NIFT and IVF groups, SLC18A2, CCL21, FXYD2, PAEP, and DNER, with a number of DEGs having greater expression levels in NIFT pregnancies, and IVF pregnancies segregating more with the spontaneous pregnancies. This might reflect differences in the underlying etiology of infertility and not the IVF treatment itself. This is also consistent with the characteristics of the cohort, because the NIFT group had a higher body mass index (BMI), which might indicate a different etiology for infertility, including PCOS, which has been implicated in placentation defects leading to adverse outcomes (113) .
PCOS and placentation
Women with PCOS have an increased risk of pregnancy and neonatal complications that is independent of the fertility treatment used (24, 72, 114). These complications include hypertension and gestational diabetes, which have been associated with dysfunctional placentation (24, 72, 114) . The genetic and epigenetic factors associated with PCOS, which lead to hyperandrogenism, elevated lipid concentrations, reactive oxygen species, and inflammatory markers, also likely contribute to aberrant placentation. For example, hyperandrogenism in PCOS might directly act on trophoblast invasion and placenta function (115) (116) (117) . In addition, endothelium dysfunction due to elevated lipid concentrations, reactive oxygen species, and inflammatory markers leads to remodeling of spiral vessels with reduction in uterine artery impedance, a reduced depth of endovascular trophoblast invasion, and, ultimately, abnormal placentation (117, 118) . Histologic studies evaluating both macroscopic and microscopic changes in the placenta of women with PCOS found a substantial reduction in the placental weight, thickness, density, and volume in patients with PCOS (115) . Because macroscopic and microscopic alterations in the placenta, including the weight, thickness, and density, are present in women with PCOS, according to the PCOS phenotype, genetic and epigenetic influences likely play a critical role (116, 119) .
Endometriosis and placentation
Women with endometriosis have a significantly greater risk of complications, including preeclampsia and placental complications, such as placenta previa, leading to greater rates of preterm birth, small-for-gestationalage infants, and neonatal death (50, (120) (121) (122) (123) . The factors contributing to disease, influenced by genetics and epigenetics, could also be associated with potential mechanisms that lead to defective placentation, including an imbalance of endocrine and inflammatory markers and molecular and functional abnormalities of the eutopic endometrium (124) (125) (126) (127) .
Unexplained infertility and placentation
Women with unexplained infertility despite treatment have shown differences in outcomes when stratified by progesterone levels, with a lower probability of a live birth with lower progesterone levels (63) . In addition, variability has been found in pregnancy outcomes associated with placentation in women with unexplained infertility based on the allostatic load (a measure of chronic physiologic stress). The allostatic load, determined a priori from the BMI, waist/hip ratio, systolic blood pressure, diastolic blood pressure, dehydroepiandrosterone sulfate, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglycerides, C-reactive protein, and homeostatic model assessment score, was associated with an increased risk of preeclampsia, preterm birth, and low birthweight. Specifically, a 1-unit increase in the two-tailed allostatic load score was associated with a 62% increased risk of preeclampsia (OR, 1.62; 95% CI, 1.14 to 2.38), 44% increased risk of preterm birth (OR, 1.44; 95% CI, 1.02 to 2.08) mediated by preeclampsia, and 39% increased risk of low birthweight (OR, 1.39; 95% CI, 0.99 to 1.97) (128) . Thus, as we are defining the potential etiologies that might be genetically or epigenetically affecting the variability in placentation and outcomes in those with unexplained infertility, and those with PCOS or endometriosis, further studies are needed to determine the genetic and epigenetic influences of infertility etiology on implantation that lead to aberrant placentation and subsequent adverse outcomes.
Epigenetic Influence of Fertility Treatments on Placentation
A number of imprinted genes are expressed during the preimplantation period and are potentially vulnerable to disruption during fertility treatment that involves ARTs, where embryos are developed in vitro (129, 130) . Embryos developed in vitro and animal models have demonstrated that the embryo culture conditions affect gene imprinting (131) (132) (133) . However, in humans, the reported data have been conflicting. Some studies found that the use of ARTs is associated with abnormal DNA methylation in human gametes, embryos, placentas, and umbilical cord samples (134) (135) (136) (137) (138) (139) . However, other studies concluded that this does not occur (140) (141) (142) . Likewise, specific procedures have also been associated with methylation differences in term placenta, suggesting specific fertility treatments affect the placental epigenome, which might have implications for placental function. For example, differential DNA methylation levels at repeated sequences (LINE1 elements) have been identified in placenta, with fresh embryo transfers having substantially different LINE1 methylation compared with spontaneous conceptions and frozen embryo transfers. This suggests that the hormonal differences between fresh and frozen embryo transfers might affect placental methylation (143) .
However, it remains unclear when these changes occur, because differences in methylation profiles have been found in the human placenta across gestation (144) and even in different tissues of term placenta (145) . These findings suggest that changes might be occurring during gestation and could be influenced by other environmental cues, including the hormonal milieu during placentation and even later in gestation, affecting placentation. The hormonal milieu at conception and during early pregnancy will be elevated by fertility treatment, mostly during IVF. Because superovulation has led to altered expression of endometrial genes critical to tissue remodeling and placentation and resulted in low birthweight in mouse models, this hyperstimulated hormone milieu has been implicated in an increased risk for low birthweight and pregnancy complications related to abnormal placentation in human studies (146) (147) (148) (149) . Therefore, the hormonal milieu could be affecting outcomes because global methylation was similar among the IVF, NIFT, and spontaneous conceptions early during placentation in the first trimester in a small study. However, differential methylation has been identified in multiple loci in three genes, ANAPC2, CXCL14, and RIMS1, between IVF and NIFT pregnancies but not when compared with spontaneous conceptions. This suggests that differences are present in the infertile population that might be due to the underlying etiology or specific treatments, including the hormonally hyperstimulated environment during implantation and placentation (150) .
Hormonal exposure in the intrauterine environment also influences placental development. The hormonal milieu at conception and in early pregnancy becomes elevated during fertility treatment. This, in part, results from the treatments themselves, including elevated estradiol levels from multifollicular development and exogenous supplemental estradiol and progesterone hormone treatment. Even after hormone supplementation has been discontinued and ovarian hormone production has declined, the estradiol and progesterone levels have remained persistently elevated in mothers of pregnancies conceived with fertility treatment, both IVF and NIFT, compared with those who conceived spontaneously, at a time when the placenta becomes the source of hormone production (151, 152) . Metabolomics studies have suggested that the supraphysiologic hormonal state during fertility treatment and hormone supplementation causes the increased phospholipid and glycerol lipid production, providing increased cholesterol to the placenta for hormone production, to maintain these pregnancies in a high hormonal state. These early elevations of estrogen from fertility treatment and supplementation might also increase cholesterol uptake in trophoblast cells (153) , stimulate cholesterol production in the fetal liver (154) , and increase placental P450 enzyme activity (155) , all of which enhance the production of progesterone. Thus, the placenta might be reprogrammed after implantation, ultimately leading to increased hormone production from syncytiotrophoblasts (152) .
A sustained high hormone environment creates an altered hormonal milieu, in which trophoblast function can be altered and affect placentation. Baboon studies have found that elevated estradiol levels in the first trimester lead to decreased extravillous trophoblast invasion of the uterine spiral arteries (156) . Recent studies have suggested that impairment in placentation can occur via estradiol-induced differential expression of the GATA3 transcription factor (157) and the GRB10 gene (158) . Elevated progesterone, similar to elevated estradiol, also affects placentation. Elevated progesterone, in conjunction with estrogen, induces first-trimester trophoblast tubulogenesis through the lysophosphatidic acid pathway (159) . Because the elevation in steroids leads to dysfunction in trophoblast cells, these elevated states might be contributing to the adverse outcomes associated with infertility and the treatments used. Further studies are necessary to determine the exact mechanisms leading to these outcomes.
Infertility and Maternal Outcomes
Infertility affects both short-and long-term maternal health. Infertility is often physiologically or genetically linked to other long-term disease states and conditions. Some disease states and conditions are associated with infertility in general, and others result from the specific etiology of the infertility, which is affected by the coding genome and the epigenome. In general, infertility increases the risk of pregnancy complications that can have long-term health implications for the mother, some of which are associated with future chronic comorbidities. This includes preeclampsia and gestational diabetes and more severe maternal morbidities, including hemorrhage, embolism, stroke, and acute myocardial infarction (160, 161) . Some of these pregnancy complications might result from the increased maternal age in the infertility population (160, 161) . However, this increased risk has persisted even after adjusting for maternal age (14). Most of these complications have been associated with placentation abnormalities, which might be more pronounced in women with infertility, leading primarily to long-term complications such as cardiovascular and metabolic disease (10).
Infertility etiology and pregnancy outcomes
The underlying infertility etiology likely plays a role in short-term maternal complications. Women with endometriosis have a significantly greater risk of preeclampsia and placental complications, leading to greater rates of preterm birth, small-for-gestational-age infants, and neonatal death (50, (120) (121) (122) (123) . In addition, women with PCOS have an increased risk of adverse pregnancy outcomes due to a placental etiology, such as gestational diabetes, hypertension, and preterm delivery (24, 72). Although gestational diabetes has been commonly associated with PCOS, women with unexplained infertility have a 45% greater risk of developing gestational diabetes compared with women without infertility, an increase in risk similar to that (52%) for women with infertility due to ovulation disorders (including PCOS) (162) (163) (164) (165) (166) (167) . These maternal complications have longterm health implications and can be used as a marker of overall health.
PCOS and endometriosis, independently and in association with infertility, are also known to be associated with long-term comorbidities, such as metabolic dysfunction, vascular dysfunction, cardiovascular disease, and cancer. PCOS has been associated with a fourfold increase risk of endometrial cancer (168, 169) and metabolic dysfunction, including type 2 diabetes, metabolic syndrome, hypertension, and, possibly, cardiovascular disease (170) (171) (172) (173) . Endometriosis, a condition linked to systemic inflammation, has been associated with oxidative stress (174), abnormal lipid profiles (175), coronary heart disease (176), and autoimmune conditions (177) . Although endometriosis is a benign condition, it has been shown to be a risk factor for clear cell cancer and endometrioid ovarian cancer (178, 179) . Recent data have also linked unexplained infertility with an increased cardiovascular risk based on an atherogenic lipid profile and elevated high-sensitivity C-reactive protein levels (180) .
The underlying genetics of infertility etiology likely cause the pregnancy complications, marked through placental dysfunction, and long-term comorbidities. These include preeclampsia, preterm delivery, and gestational diabetes. Preeclampsia increases the risk of developing hypertension (RR, 3.70; 95% CI, 2.70 to 5.05), which, on average, occurs 7.7 years earlier than in woman without a history of preeclampsia (181, 182) . These women also have a nearly twofold increased risk of ischemic heart disease, stroke, and venous thromboembolism (181) . The risk of death from cardiovascular disease increases 2-to 10-fold in women with preeclampsia, depending on when the preeclampsia manifested in the pregnancy, with an increased risk of death when preeclampsia occurs early in gestation (183) .
Preterm delivery from any cause also results in an increased risk of developing cardiovascular disease. A linear association between the number of preterm deliveries and the future risk of cardiovascular-related hospitalizations was found in a population-based study (184) . Another cohort study found that maternal cardiovascular disease mortality was inversely related to the birthweight of the offspring and that women with premature deliveries also had an increased cardiovascular disease risk (185) .
A history of gestational diabetes predisposes women to metabolic syndrome. These women will have atherogenic lipid profiles and signs of early vascular dysfunction at $3 months postpartum (186) (187) (188) . A history of gestational diabetes will also predispose women to type 2 diabetes compared with women with normoglycemic pregnancies (RR, 7.43; 95% CI, 4.79 to 11.51). Also, this risk doubles from an RR of 4.69 in the first 5 years after delivery to an RR of 9.34 at .5 years after delivery (189) . Women with gestational diabetes will also have an elevated risk of developing cardiovascular disease, and at a younger age, than women without a history of gestational diabetes (184, (190) (191) (192) .
Epigenetics of infertility etiology and outcomes
In addition to the potential genetic link with infertility etiology, unique long noncoding RNAs and miRNAs have been identified in PCOS, endometriosis, and the associated chronic conditions related to these underlying diseases. miRNAs, including circulating miRNAs, are associated with PCOS and might explain the epigenetic contribution to insulin resistance associated with PCOS. One study demonstrated that the expression levels of miR-320 were increased 50-fold in adipocytes owing to insulin resistance. Insulin sensitivity was restored with the addition of anti-miR-320 oligos, with resulting upregulation of GLUT4, an insulin-dependent glucose transporter, leading to increased insulin-mediated glucose uptake (193) . A number of studies also identified miRNAs as key contributors to endometriosis (194) (195) (196) (197) . Furthermore, functional studies linking miRNAs to endometriosis and inflammation have been performed. One such study found a link with miR-20a, which resulted in decreased expression of phosphatase-2 and, subsequently, prolonged extracellular signalregulated kinase activation through hypoxia inducible factor, which contributes to the inflammatory process in endometriosis (198) . miRNAs have also been identified linking clear cell adenocarcinoma of the ovary [or endometriosis-associated ovarian cancer (EAOC)] to endometriosis. These miRNAs might act as a potential precursor for EAOC. One study identified 23 candidate miRNAs that were differentially expressed among healthy controls, patients with endometriosis, and patients with EAOC (199) , with three distinct miRNA signatures identified, including miR-16, miR-21, and miR-191, that could differentiate between healthy and endometriosis cases, including some overlap with miRNAs expressed in cases of EAOC. Further studies are needed to identify the underlying genetics and epigenetic modifications that contribute to the infertility etiology and long-term chronic morbidity.
Infertility and Long-Term Childhood Outcomes
Research has linked the use of ART with adverse perinatal outcomes, including preeclampsia and low birthweight (2, 200), both of which have been associated with future chronic morbidities. Both preeclampsia and low birthweight result from placental abnormalities that lead to hypoperfusion and oxidative stress. The latter have long-term effects for the neonate and the development of the child into adulthood. Children born to women with preeclampsia and hypertensive disorders of pregnancy have a greater risk of diabetes mellitus and cardiovascular disease in later life (201) (202) (203) . Endothelial function is significantly reduced after preeclampsia (204) . This finding is consistent with the offspring also having increased levels of cardiovascular risk factors such as higher blood pressure (205) (206) (207) and BMI (205, 206) and an increased risk of stroke in adulthood (208) . Low birthweight has also been associated with chronic disease. It is a marker of in utero stress and has been associated with an increased risk of metabolic disease and insulin resistance in adulthood (209, 210) .
Epigenetics of long-term disease
Despite the underlying infertility etiology, epigenetic modifications as a result of the infertility treatment have been implicated in chronic long-term disease, including differential methylation of genes important to growth and development, with long-term health implications. Differences in the methylation levels of 23 genes in the placenta and cord blood, including ANGPT4, APOE, CDK2, GRB10, OSBPL5, and REG1B, which have been associated with the growth phenotype, have been identified to explain the variances in birthweight (211) . It remains to be determined whether any of these differentially modified genes are associated with infertility or the treatments used. If so, this might explain the role of infertility and fertility treatment on birthweight. Furthermore, it would be ideal if any of the factors associated with chronic disease could be modified at treatment. A 2015 randomized control trial found that antioxidant administration to IVF children improved nitric oxide bioavailability and vascular responsiveness in the systemic and pulmonary circulation (212) . These findings suggest that in young individuals, ART-induced vascular dysfunction is subject to redox regulation and is reversible, although this requires further investigation. Thus, it is critical to develop a better understanding of the underlying factors in fertility treatment that might be modified to improve the outcomes.
Conclusion
Overall, the goal of fertility treatment is to overcome infertility and achieve a pregnancy. A second goal is to have a successful outcome, with a healthy mother and child. Despite the risk of adverse outcomes associated with infertility and fertility treatments, these risks are small. However, as we develop a better understanding of the genetics and epigenetics of the infertility etiology and the effect of fertility treatment on epigenetics, modifications could ultimately lead to improvements in pregnancy outcomes and overall long-term health. Further studies are necessary to identify the role of genetic variability and the epigenome on implantation and placentation to foster personalized medicine for fertility treatment that would lead to optimal short-and longterm outcomes.
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